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HIGHLIGHTS

ABSTRACT

e Valorization of Iraqi steel slag reduced landfill
waste and natural aggregate consumption.

e A novel synergy between low-calcium
metakaolin and steel slag was achieved.

e Using 30% steel slag aggregate increased
geopolymer strength to 95.1 MPa.

The construction industry’s reliance on ordinary Portland cement (OPC) contributes
significantly to CO: emissions and resource depletion. Geopolymer concrete (GPC)
offers a sustainable alternative, but natural aggregates (NAs) still harm the
environment. This study investigates recycled coarse steel slag aggregate (RCSA), a
metallurgical byproduct, as a partial replacement (10, 20, 30, and 40% by volume) for
natural coarse aggregate (NCA) in metakaolin-based GPC. The geopolymer paste was

formulated with optimal molar ratios of 3.65 for SiO»/Al20s, 2.9 for sodium hydroxide/
sodium silicate, and 0.62 for water/metakaolin. Results showed that incorporating
RCSA enhances both mechanical and physical properties of GPC. Optimal
performance was achieved with a 30% RCSA substitution, showing remarkable
improvements over conventional GPC at 28 days of curing: a 29.56% increase in

o Steel slag aggregate provided 11.3 MPa
flexural strength in geopolymer composites.

e Porosity was reduced by 26.32%, enhancing
durability in aggressive environments.

Keywords: compressive strength (95.1 MPa vs. 73.4 MPa), along with 26.12 and 41.07%

enhancements in splitting tensile and flexural strengths, respectively. Bulk density

Steel slag increased by 8.15% (2371.96 kg/m? vs. 2193.12 kg/m?). In comparison, physical

S{eOPlglyll?er concrete analysis revealed a 26.32% reduction in porosity and a 9.18% decrease in water
etakaolin

absorption, indicating improved interfacial transition zone (ITZ) between the RCSA
and geopolymer paste, facilitated by calcium leaching from the slag particles, which
promotes densification and reduced permeability. Microstructural analyses (XRD
and FTIR) confirmed successful geopolymerization and a robust amorphous
geopolymer network. Findings confirm RCSA mitigates environmental impacts
through waste valorization and significantly enhances GPC performance, offering a
viable pathway toward more sustainable construction materials.

Waste material
Alkali activator.

1. Introduction

Nowadays, the most utilized material in the construction industry is concrete, accounting for around 30 billion tons of global
consumption annually [1]. However, this extensive utilization demands vast quantities of ordinary Portland cement (OPC), which
serves as the primary binder in conventional concrete. Consequently, the cement industry faces significant environmental
challenges, including the intensive depletion of natural resources [2,3], excessive energy consumption [4], and substantial
greenhouse gas emissions [5]. For instance, producing one ton of cement typically requires approximately 1.5 tons of raw
materials, resulting in the direct emission of about 0.65—-0.92 tons of CO,. Additionally, fuel combustion during the production
process generates nearly 0.4 tons of CO,, bringing the total emissions to 0.8—1.0 tons of CO; per ton of cement produced [6,7].
Moreover, the cement industry also consumes a considerable amount of fossil fuels, accounting for roughly 12—15% of industrial
energy consumption globally. Collectively, greenhouse gas emissions from cement production amount to approximately 1.35
billion tons annually, contributing to 6—9% of global emissions [8]. Owing to its profound impact on waste mitigation, drastic
carbon dioxide emission reduction, exceptional durability, and superior eco-compatibility, low-carbon concrete, commonly
termed geopolymer concrete, is heralded as a revolutionary and environmentally superior substitute for Portland cement in the
construction sector [9-11]. Geopolymer, a groundbreaking creation born from the mind of scientist Joseph Davidovits in 1972,
shatters conventions with its audacious reliance on natural resources and industrial refuse as primary ingredients. These
unconventional raw materials undergo a transformative alchemical process through alkali or acid activation, forging a binder, an
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alkaline aluminosilicate [12]. This exothermic reaction, a dramatic interplay between aluminosilicate and alkali, summons the
geopolymer into existence [13]. Defying the need for searingly high temperatures, this revolutionary material solidifies stoically
at room temperature, slashing CO, emissions and eclipsing traditional inorganic polymers. Geopolymer strides boldly as a fierce
and eco-conscious successor to cement, embodying the future of sustainable innovation.

Furthermore, the extensive use of concrete by humans also contributes to another ecological problem: the depletion of natural
aggregates. Natural aggregates (NAs) remain the primary aggregate component in both cement concrete and Geopolymer
concrete. There is significant demand for them in concrete Preparation, as the concrete comprises 75 to 80 percent of aggregates
in its total volume. The massive demand for concrete has led to the over-exploitation of NA, which has caused resource depletion
in some areas and ecological damage [14]. It is significant to find alternatives to NAs while considering the environment,
resources, and economic factors during the decision-making process. Additionally, there are hurdles facing the unreasonable
disposal and handling of the large amount of waste material, which manifests from the growth in human activities that generate
a large amount of solid waste across diverse sectors, such as the production of power, the production of iron and steel, the
production of electronic goods, and industrial production [15].

Slag is a formidable byproduct generated from the high-temperature, rigorous metallurgical processes involved in metal
smelting and refining [16,17]. Amassed a staggering 1878.5 million tons in 2022 alone, Prudent appraisals of steel slag generation
surpass 225 million tons [18]. This abysmal utilization precipitates rampant stockpiling, engendering deleterious ramifications
for ecological preservation [19,20]. A substantial fraction of steel slag remains unutilized promptly, necessitating landfilling or
open-air deposition, thereby expropriating vast tracts of arable land. Moreover, steel slag contains a diverse array of hazardous
heavy metal elements that may leach and permeate soil and aquatic environments, posing significant ecotoxicological threats
and potential risks to human health [21-24]. When steel slag is piled up outside or handled carelessly during transport, it creates
dust pollution. This dust makes air quality worse and can cause serious breathing problems for people [25]. One potential
mitigation strategy involves using steel slag as an admixture for partial replacement of cement in concrete. However, the
application of steel slag as a cementitious material is limited by its low pozzolanic activity, which is primarily attributed to its
high iron oxide content and low amorphous silica content [26-28]. An alternative and more viable approach is to utilize steel
slag as an aggregate in concrete. Steel slag contains substantial amounts of free lime (CaO) and periclase (MgO), which can
hydrate to form calcium hydroxide and magnesium hydroxide, respectively. This hydration process results in delayed volumetric
expansion, with increases of approximately 98% for free lime and 148% for free periclase [29]. The calcium hydroxide produced
in this case differs from that generated by cement hydration in terms of morphology, with the former displaying irregular, large,
and massive crystals. At the same time, the latter is characterized by a regular, layered, or sheet-like structure [30]. This allows
sufficient space for the growth of ettringite; the proliferation of ettringite exacerbates crack propagation, thereby facilitating the
ingress of water into the concrete and intensifying the expansion of steel slag. The persistent formation of calcium hydroxide
and ettringite crystals culminates in the eventual degradation of the concrete, manifesting as cracking and spalling, or, in severe
cases, structural failure if not adequately controlled [31-33].

To address this issue, steel slag aggregates with reduced particle size and increased fineness achieved through grinding have
been utilized to expedite the hydration of these oxides [34,35]. However, the high hardness of the steel slag enhances the
incidence of mill faults, resulting in elevated costs for equipment maintenance and replacement. Furthermore, the poor grinding
performance and the high energy consumption limit the use of steel slag as a powder [36]. In light of the foregoing, the
incorporation of steel slag aggregate into GPC emerges as a promising strategy, offering advantages such as reduced energy
consumption, inhibition of the leaching of heavy metals, and lower production costs. Several studies have explored the use of
steel slag aggregates in GPC as a sustainable alternative to NAs. In the work of Omar et al., it was found that replacing NAs with
steel slag in fly ash-based GPC improved compressive strength (up to 23%), flexural strength (9%), and tensile strength (19%),
while reducing water absorption (3—5%) and permeable voids (8—12%) [37]. In a similar vein, Khan et al. demonstrated that steel
furnace slag in low-calcium fly ash GPC enhanced compressive strength and surface resistivity, with EDS analysis confirming
calcium diffusion from slag aggregate into the geopolymer paste, preventing expansion, enhancing the interfacial transition zone
(ITZ) [38]. Building on this, Mahmood et al., developed high-density GPC made with fly ash and granulated blast furnace slag
(GGBS) (2600-2630 kg/m?) using steel slag aggregate, achieving 37 MPa compressive strength, 2.5-5.5 MPa tensile strength,
and 30.3 GPa elastic modulus, with microstructural analysis confirming strong ITZ due to Ca diffusion [39,40]. In addition,
Suganya et al. [41], reported that GPC based on fly ash and GGBS with coarse steel slag aggregate exhibited 5.2% higher
compressive strength and superior durability against acid/sulfate attacks compared to conventional concrete. Moreover, Amani
et al. [42], observed that electric arc furnace slag (EAFS) in GGBS-based GPC reduced compressive strength (5-25%) but
improved tensile strength (3.8%) and modulus of rupture (16.67%), alongside environmental benefits.

Despite the significant progress in research, most studies have primarily focused on GPC made with fly ash and GGBS,
which contain moderate to high calcium content, potentially limiting free lime diffusion from steel slag. This study introduces a
novel approach by exploring explores the utilization of locally sourced Nano metakaolin to produce GPC incorporating recycled
coarse steel slag aggregate. To the best of our knowledge, the specific combination of low-calcium metakaolin-based geopolymer
concrete with RCSA has not been extensively investigated. This research fills a critical gap by demonstrating the feasibility and
enhanced performance of this unique material combination, offering a more sustainable and high-performance alternative for the
construction industry. Our work provides new insights into the interfacial transition zone (ITZ) development and overall material
properties when RCSA is incorporated into a metakaolin-based geopolymer matrix.
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2. Experimental work
2.1 Materials

2.1.1 Metakaolin

Al:Si-0s(OH)+ Nano Iraqi kaolin, sourced from the nearby region of "Al-Mishraq (Mosul, Iraq)," was utilized as the primary
precursor material. Crystalline kaolin was converted to amorphous Metakaolin (MK-800) via calcination at 800° for three hours
with a 5 °C/min heating rate [43, 44]. The processed material was then stored in glass containers to prevent exposure to humidity.
A particle size analyzer (PZA) was employed to measure the particle size of the MK-800 powder, as shown in Figure 1. It can
be seen that MK-800 has a typical particle size of 93.4 nm. The chemical composition of kaolin and MK-800 coducting through
X-ray fluorescence (XRF), as shown in Table 1.

62-1 (Combined)

Effective Diameter: 93.4 nm 28
Polydispersity: 0.005 g z:

Baseline Index: 9.2 01

Elapsed Time: 00:00:30 | Diameter am)

Lognormal Distribution

Figure 1: MK-800 particle size analyzer

Table 1: The Kaolin and Metakaolin XRF analysis results

Oxide % K20% Na20% CaO0% ALO3% MgO% Si02% Fe:03% TiO0:2% SO03%
MK 0.406 0.167 0.554 27.27 0.13 40.89 1.447 1.654 0.225
MK-800 0.527 0.087 0.619 31.51 0.11 45.81 1.824 2.03 0.275

2.1.2 Alkaline solution

Commercial-grade sodium hydroxide (SS) (NaOH) flake and sodium silicate (SH) (Na2SiOs) solution were utilized as alkali
activators, owing to their superior commercial accessibility and cost-effectiveness relative to potassium-based counterparts [45],
as duplicated in Table 2, with 16M of SH and an SS/SH ratio of 2.6.

Table 2: Properties of alkaline activators

Properties Sodium silicate Sodium hydroxide
Chemical formula NazSiO3 NaOH

Na20% 13.5 N/A

Si02% 32.5 N/A

H20% 54 N/A

NaOH% N/A N/A

Na2C03% N/A 0.54

Appearance Hazy flakes like shape, white

2.1.3 Aggregates

Natural sand sourced from the AL-Akhaidhir area was utilized as the natural fine aggregate (NFA) in this study. Based on
the results of the sieve analysis and physical properties presented in Table 2, the sand conforms to Zone (2) classification as per
the Iraqi Standard No. 45/2016 [46], as duplicated in Table 3.

Table 3: Physical properties and sieve analysis of fine aggregate from the AL-Akhaidhir area

Sieve size (mm) Passing (%) Limits of Iraqi Standard No.45, Zone (2) [46]
10 100 100

4.75 96 90-100

2.36 80 75-100

1.18 64 55-90

0.3 15.8 8-30

Physical properties Value Limits of Iraqi Standard No.45/2016 Zone (2)
Specific Gravity 2.58 --

Absorption, (%) 2.5 --

Sulfate Content (SOs) (%) 0.09 <0.1
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Naturally crushed coarse aggregate (maximum size 12 mm) from the Al-Nibaai region was utilized. Table 4 shows its
properties, confirming compliance with Iraqi Standard No. 45/2016 for grading and sulfate content [46], as duplicated in Table 4.

Table 4: Physical properties and sieve analysis of coarse aggregate

Sieve size (mm) Passing (%) Limits of Iraqi Standard No. 45 with (5- 12) mm [46]
12 100 100

10 98 100-95

5 35 30-60

2.36 1 0-10

Physical properties value Limits of Iraqi Standard No. 45/ 2016

Specific Gravity 2.56 --

Absorption, (%) 1.92 --

Sulfate Content (SO3), (%) 0.09 <0.1

Dry Density, (kg/m?) 1740 --

Recycled Coarse Steel Slag Aggregate (RCSA) from SGR Company in Basra was used as a volumetric replacement for
NCA in GPC, as shown in Figure 2. According to Iraqi Specification No. 45/2016, it was crushed and sieved to meet the grading
of the natural aggregate [46]. Chemical compositions have been analyzed using X-ray fluorescence (XRF), as shown in Table 5.

¢
?',

3y,
B

Bl

Table 5: Physical, chemical properties, and sieve analysis of (RCSA)

Figure 2: RCSA

Sieve size (mm) Passing (%) Limits of Iraqi specification No. 45 [46]

12 100 100

10 95 95-100

5 56 30-60

2.36 7 0-10

property Value

Density (kg/m?) 2900

Absorption % 23

Specific gravity 3.31

Sulfate content (SO3) % 0.53

Oxide% K20% Na>0% Ca0% ALO3% MgO% Si02% Fex203% Ti02% S03%
RCSA 0.0487 0.000 23.57 3.278 2.355 19.08 37.53 0.5574 0.5

2.2 Mix procedure and specimens preparation

The geopolymer paste was formulated based on preliminary experimental investigations (unpublished data), which
determined optimal molar ratios of 3.65 for SiO2/Al:Os, 2.9 for SS/SH, and 0.62 w/MK. The mix design parameters for the GPC
specimens are detailed in Table 6. Five distinct mixtures were designed with progressive replacement levels of NCA by RCSA:
ORCSA (0% replacement, IORCSA (10%), 20RCSA (20%), 30RCSA (30%), and 40RCSA (40%), where all substitutions were
performed on a volumetric basis. A constant water content was maintained for all mixes based on preliminary tests to optimize
geopolymer paste molar ratios. This controlled ratio ensured consistent geopolymerization, allowing changes in GPC properties
to be attributed mainly to varying RCSA content rather than water or alkaline solution variations.

SH was completely dissolved in the required volume of water. The solution was then cooled to room temperature, after which
SS was added and stirred at 600 rpm. Before use as a binding agent, the solution was heat-treated at 85 °C for 20 minutes and then
allowed to rest at room temperature for 24 hours, as can be seen in Figure 3a. The heat treatment facilitated the breakdown of SS
chains by SH, generating a higher number of oligomers to promote the formation of a 3D geopolymer network. After 24 hours, the
required amount of MK-800 was added to the cooled alkaline activator solution. The mixture was then blended using an overhead
mixer at a constant speed of approximately 3000 rpm for 5 min to achieve a homogeneous geopolymer cement paste, as can be seen
in Figure 3b.
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Table 6: Details of GPC Mixes*

Mix Name MK-800 (Kg/m?) SS(kg) SH(kg) NFA (kg/m%) Coarse aggregate Water (Kg/m?)
NCA (kg/m*) RCSA (kg/m?)

ORCSA 209 198 17.39 600 1100 0 25.6

10RCSA 209 198 17.39 600 990 141.13 25.6

20RCSA 209 198 17.39 600 880 282.27 25.6

30RCSA 209 198 17.39 600 770 423.4 25.6

40RCSA 209 198 17.39 600 660 564.5 25.6

*, SS: Sodium Silicate, SH: Sodium Hydroxide, NFA: Natural Fine Aggregate, NCA: Natural Coarse Aggregate, RCSA: Recycled Coarse Steel
Slag Aggregate.

GP paste

Stirring and heating Nano-MK.

Mechanically mixing
the Nano-MK with
activator

(a) (b)
Figure 3: a) Alkali activator preparation, b) GP paste preparation

After determining the mixing proportions, the sand and both NCA and RCSA were first blended in their dry state at low
speed until a uniform mixture was achieved, with mixing continued for at least one minute. Subsequently, a medium-speed
mixing regime was initiated while the GP paste was gradually incorporated. Finally, the mixture was further processed at high
speed for 5—10 minutes to ensure a homogeneous and well-dispersed fresh mixture.

The prepared GPC was then poured into the required molds for testing. To prevent excessive water evaporation and ensure
optimal geopolymerization, all specimens were sealed with polyethylene film. Demold after 24 hours and let the specimens sit
at ambient temperature (25 °C) until the day of testing. This curing method not only simplifies geopolymer application but also
enhances cost efficiency by eliminating the need for external heating [47].

2.3 Testing methodology

The microstructural characteristics of the component ingredients and the resultant geopolymer were thoroughly evaluated.
Advanced characterization techniques, including Fourier-transform infrared spectroscopy (FTIR) and X-ray diffractometry
(XRD), were employed to analyze the powder compositions.

The experimental program in this study involved rigorous testing of hardened concrete at 7 and 28 days curing intervals.
Three specimens were tested for each evaluation to ensure statistical reliability. The relevant testing standards, methodological
specifications, and sample dimensions for GP-RCSA assessments are summarized in Table 7.

Table 7: Tests for hardened GP-RCSA evaluation

Properties Molds dimensions Testing standard
Mechanical properties

Compressive strength Cube (100 mm side) BS 1881-Part 116 [48]

Flexural Strength Prism (100 mmx100 mmx=400 mm) ASTM C293 [49]

Split Tensile strength 100 @ x 200 mm cylinder ASTM C496 [50]
Physical properties

Bulk density Cube (100 mm side) BS EN 12390-7 [51]
Durability properties

Water absorption Cube (100 mm side) ASTM C642 [52]

Volume of Permeable Voids Cube (100 mm side) ASTM C642 [52]
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3. Results and discussion

3.1 XRD Patterns

The mineralogical composition of the kaolin, metakaolin, and steel slag aggregate was determined using X-ray diffraction
(XRD). Figure 4 presents the XRD results for kaolin and metakaolin, highlighting the characteristic peaks identified using
standard ICCD patterns: 00-033-1161 for quartz and 00-001-0527 for kaolinite.

1000 - Q
nano-Mk
— Kaolin
800 .
K: kaolinite
Q: quartz
600 T W‘ a a
- i Mhl'w | LT S Q :
© il e « LT NN TR0 PRIy Moty pputnnns?
é 400 -
] | k Q
2 KQ
[=
= 200 - K kg ¢
o] —“{ LT -MMM"WH

10 15 20 25 30 35 40 45 50 55 60
(20)°

Figure 4: X-ray diffraction of kaolin and MK-800

The XRD examination of the kaolin sample revealed distinct diffraction peaks corresponding to both kaolinite and quartz
phases. The characteristic peaks for kaolinite were observed at 12.32°, 20.10°, 24.88°, 35.00°, 38.40°, 45.00°, 55.50°, and 62.32°.
Additionally, significant peaks at 20.80°, 26.56°, 50.08°, and 54.88° were identified, corresponding to the quartz phase, indicating
a high degree of crystallinity. The XRD pattern of MK-800 showed a predominantly amorphous profile, with the absence of most
kaolinite peaks; only a residual peak at 24.88° was observed. However, several peaks attributed to quartz were still present at 20.80°,
26.52°, 36.56°, 42.48°, and 50.16°. This diffraction pattern confirms the successful transformation of kaolin into amorphous
metakaolin, while also indicating the presence of crystalline free silica (quartz) as evidenced by the sharp peaks. Also, Figure 5
shows the XRD patterns of steel slag aggregate, which exhibit a complex multiphase composition, characterized by numerous
overlapping peaks indicative of a heterogeneous mixture of crystalline phases commonly observed in steel slags.

0 Calcite
Larnite
v Alite
v ® Hematite
-+ Spinel
¥ Quartz
0 Ro

intensity (%)

10 20 30

2theta (deg)

Figure 5: X-ray diffraction of steel slag aggregate

The dominant crystalline constituents of the steel slag sample include Calcite (CaCOs, PDF# 01-072-1937), Larnite (B-
CaSi04, PDF# 00-033-0302), and Alite (CsS, PDF# 00-049-0442). The presence of these calcium silicates aligns with the high
concentrations of CaO and SiO: observed in the corresponding X-ray fluorescence (XRF) analysis. Calcite was identified by its
main peak at 29.07°, with additional reflections at 39.43°, 43.17°, and 47.50°. Larnite exhibited a primary diffraction peak at
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31.48°, along with overlaps with Alite at 32.5°, 41.16°, and 51.25°, while Alite was also identified by a characteristic peak at
33.63°. Furthermore, Hematite (Fe.Os, PDF# 00-033-0664) was identified as a major phase, consistent with the substantial iron
content indicated by the XRF data. It exhibited diffraction peaks at 33.07°, 35.64°, 54.12°, and 62.47°. Additional phases include
Magnesium Aluminate Spinel (MgALO., PDF# 00-021-1152), which was confirmed by peaks at 51.78°, 36.85°, 65.12°, 18.35°,
and 77.5°, correlating with the presence of both MgO and Al:O:s in the slag. Several minor peaks observed at 20.85°, 26.66°,
36.54°, 50.12°, 60.50°, 68.0°, and 75.6° were assigned to Quartz (SiO2, PDF# 00-005-0490), further supporting the significant
silicon content detected through XRF. A distinct feature attributed to the RO phase (PDF# 01-071-1179), a solid solution
typically composed of divalent oxides such as CaO, MgO, FeO, and MnO, was observed with peaks at 42.9°, 62.3°, 36.0°, and
73.4°. The identification of this phase is characteristic of steel slags, particularly those produced in electric arc furnace (EAF)
operations, and corroborates the dominant CaO and FeO presence in the chemical composition. These findings are in strong
agreement with previous studies on EAF steel slags [34, 53-55]. The crystalline structure suggests limited reactivity of steel slag
as a binder in geopolymers; thus, it is employed in this study as a substitute for aggregates, owing to its elevated iron oxide and
reduced amorphous silica content.

The XRD diffractogram of the GPC, as shown in Figure 6, reveals a broad amorphous hump centered between 23-33°,
which is characteristic of the formation of the geopolymeric gel Sodium Aluminosilicate Hydrate (NASH). This broad peak
signifies the predominantly amorphous nature of the geopolymer matrix, a typical feature of geopolymer materials due to their
disordered aluminosilicate network. The absence of sharp crystalline peaks in this region further confirms that the
geopolymerization reaction has successfully transformed the MK-800 into an amorphous binding phase [56, 57].

400

350
300 +

ﬁ250—

S—

200

intensity (%
3
1

Q

100 W F]' ij

50 Wﬂww M"J"ﬁ»‘rrﬂ\m'wMWWMWMMWWMMM

o , |
10 20 30 40 50 60 70 80

2 theta

Figure 6: X-ray diffraction of GPC

3.2 FTIR Patterns

Figure 7 presents the FTIR spectra of raw kaolin and MK-800 after calcination. In the kaolin spectrum, the characteristic
absorption bands at 3692, 3650, and 3620 cm™ are attributed to the O—H stretching vibrations of the inner-surface hydroxyl
groups. The band observed at 910 cm™ corresponds to the AI-OH bending vibration. Additionally, the bands at 1004, 1026, and
1114 cm™ are associated with Si—O stretching vibrations [58]. Peaks at 792 and 679 cm™ are indicative of quartz vibrational
modes [59], aligning with the crystalline phases identified in the XRD analysis. After calcination at 800 °C, the disappearance
of the O—H stretching bands confirms the dehydroxylation of kaolinite and its transformation into amorphous metakaolin. These
findings, in conjunction with the XRD results, demonstrate that thermal treatment at 800 °C is sufficient to achieve the complete
conversion of kaolin into metakaolin.

The FTIR spectrum in Figure 8 reveals absorption bands at 704 cm™ and 668 cm™, which are attributed to Si—O—Si bending
vibrations, indicating the presence of silicate phases such as Larnite (f-Ca=SiOa, C:S), and Alite (Tricalcium silicate, CsS) [60].
These bands confirm the coexistence of calcium silicate and silicate minerals, which is consistent with the elevated SiO. and
CaO concentrations identified through XRF analysis. The absorption band at 823 cm™ corresponds to the Si—O stretching
vibrations specifically associated with $-C2S (Larnite) and Quartz, further substantiating the presence of this cementitious phase
[61]. A prominent band at 668 cm™ is also indicative of Fe—O stretching vibrations, suggesting the presence of iron-rich
crystalline phases, such as Magnesioferrite (MgFe.04) and Hematite (Fe2Os) [62]. This observation is in agreement with the
significant Fe.Os content revealed by the chemical analysis. The absorption band at 8§79 cm™ is characteristic of C—O asymmetric
bending vibrations (COs*"), indicating the presence of Calcite (CaCOs) [53, 63]. Additionally, the doublet observed at 2341 cm™*
and 2358 cm™ corresponds to the asymmetric stretching vibrations of CO. molecules, which may be attributed to mechanical
decomposition of calcite during sample preparation or atmospheric carbonation [64].
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Figure 7: FT-IR spectrum of kaolin and MK-800
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Figure 8: FT-IR spectrum of steel slag aggregate

3.3 Compressive strength

The mechanical strength of GPC is critically influenced by aggregates, which constitute 70—75% of the mixture mass. The
compressive strength test results for the GP-ORCSA and GP-RCSA mixtures, which include RCSA, were assessed at both 7 and
28 days, as illustrated in Figure 9.

120
m 7days m 28 days

95.1

=
=]
=]

88.63

80

60

Compressive strength (Mpa)

20

GP-ORCSA GP-10RCSA  GP-20RCSA  GP-30RCSA  GP-40RCSA

mix design

Figure 9: Compressive strength of GP-RCSA mixes at 7 and 28 days
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For the mixes GP-10RCSA, GP-20RCSA, GP-30RCSA, and GP-40RCSA, the results showed compressive strength values of
73.57MPa, 77.13 MPa, 81.47 MPa, and 74.67 MPa at 7 days, respectively. This corresponds to strength increases of 14.4%, 19.93%,
26.68%, and 16.11%, respectively. In comparison, the GP-ORCSA mix recorded a compressive strength of 64.31 MPa at the same
age. At 28 days, the GPC incorporating varying proportions of RCSA (10%, 20%, 30%, and 40%) achieved compressive strengths
of 87.87 MPa, 90.67 MPa, 95.1 MPa, and 88.63 MPa, respectively, reflecting increases of 19.71%, 23.53%, 29.56%, and 20.75%.
The data imply that a replacement rate of approximately 30% is most suitable for producing GP-RCSA.

The enhancement in mechanical strength is mainly due to a strengthened interfacial transition zone, where the high lime
content in RCSA facilitates the hydration of soluble Ca?* ions adhered to the surface of RCSA. These ions subsequently form
chemisorptive bonds with Si and Al in the GPC [38], resulting in the formation of C-A-S-H gel. This gel contributes to strength
enhancement in two ways: firstly, by serving as nucleation sites that accelerate geopolymerization [65-67]. Secondly, the
coexistence of C-A-S-H gel with N-A-S-H gel enables their interconnection, which in turn enhances the structure of the pore.
These interconnected gels on the surface of RCSA substantially strengthen the interfacial adhesion between the RCSA and the
paste [68, 69]. In addition, the higher water absorption capacity of RCSA contributes to its ability to hold moisture, which
facilitates continued hydration and strengthens the bond between the aggregates and the geopolymer paste [70]. Additionally,
the superior mechanical strength of RCSA compared to NCA, with a Mohs hardness rating between 6 and 7 [71,72] It also plays
a crucial role in this enhancement [18].

3.4 Splitting tensile strength

As illustrated in Figure 10, the partial substitution of NCA with RCSA led to an improvement in splitting tensile strength
for both 7-day and 28-day, reflecting a similar trend observed in the compressive strength results.
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Figure 10: Splitting tensile strength of GP-RCSA mixes at 7 and 28 days

According to the results, the tensile Strength at 7 days of curing for GP-10RCSA, GP-20RCSA, GP-30RCSA, and GP-
40RCSA was 4.53 MPa, 4.63 MPa, 5.1 MPa, and 4.48 MPa, respectively, which is about 11.3 %, 13.76 %, 25.31% and 10.07 %
higher than 4.07 MPa recorded for GP-ORCSA at the same age. In comparison to the tensile Strength at 7 days, a notable
improvement in the tensile Strength value at 28 days, with (5.37, 5.64, 6.2, 5.62) MPa, for 10%,20%,30%,40% RCSA
replacement, is recorded. Concerning the results recorded, the highest recorded value is for GP-30RCSA, followed by a small
reduction in value for GP-40RCSA. This enhancement may result from the increased adhesion between the geopolymer paste
and the RCSA aggregate, which is likely due to the uneven form and rough surface texture of the RCSA [73, 74], with Surface
pores measuring between 0.01 and 10 micrometers in diameter [75]. Since the GPC splitting tensile strength is significantly
influenced by the surface roughness and angularity of the aggregates, as these factors enhance mechanical interlocking and
frictional resistance at the aggregate-binder interface, thereby improving the overall bond strength within the composite matrix
[76]. The other reason for the enhancement is the diffusion of free lime from the RCSA to the GP paste, forming a denser
interfacial zone.

3.5 Flexural strength

The flexural strength at two curing ages (7 and 28 days) was evaluated on prism specimens using a three-point bending test.
The flexural strength of the GP-RCSA mixes exhibited a similar trend to their compressive and tensile strengths.

It can be deduced from Figure 11 that the GP-10RCSA, GP-20RCSA, GP-30RCSA, and GP-40RCSA mixtures measured
flexural strength of 8.43 MPa, 8.99 MPa, 9.53 MPa, and 8.73 MPa at 7 days, respectively, while the GP-ORCSA recorded a value
of 6.57 MPa at the same age. By 28 days, the flexural strength of the RA-RCWGP concrete showed a significant increase with
values of approximately 9.77 MPa, 10.1 MPa, 11.3 MPa, and 9.64 MPa, indicating that RCSA significantly affected the flexural
strength. With 30% RCSA substitution, the GP-30RCSA mixture exhibited the maximum flexural strength of more than 11.13
MPa, achieving an improvement of 41.4% compared to GP-ORCSA. Although GP-40RCSA exhibited a decline in flexural
strength, it still surpassed that of the GP-ORCSA mixture. The increased flexural strength may be explained by the enhanced
ductility of the RCSA coarse aggregates, which is largely a result of their elevated iron content. Furthermore, the superior bonding
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between the RCSA aggregates and the geopolymer paste plays a crucial role, owing to the aggregates' porous texture and
pronounced angularity [77].
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Figure 11: Flexural strength of GP-RCSA mixes at 7 and 28 days
3.6 Bulk density

The density of the aggregates largely influences Bulk Density, as they constitute more than 70% of the total GPC mass. It
can be deduced from Figure 12 that a notable increase in bulk density is observed for mixtures containing RCSA. At 7 days, the
bulk densities of the GP-10RCSA, GP-20RCSA, GP-30RCSA, and GP-40RCSA mixes were recorded as 1980.93 kg/m?, 2034.48
kg/m?, 2088.68 kg/m3, 2156.7 kg/m?, which further increased to 2204.37 kg/m?3, 2260.23 kg/m?3, 2316.09 kg/m?*, and 2371.96
kg/m? by 28 days. The bulk density consistently rose with increasing percentages of RCSA replacement, attributed to the greater

specific gravity of RCSA compared to NCA, with RCSA having a specific gravity of 3.31. In contrast, NCA has a specific
gravity of 2.56.
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Figure 12: Bulk density of GP-RCSA mixes at 7 and 28 days
3.7 Percentage of permeable voids

The porosity of GPC directly influences both its strength and permeability, making it a critical factor in determining the
material’s overall properties. In this study, the incorporation of different proportions of RCSA (10, 20, 30, and 40%) resulted in
a decline in the porosity of GP-RCSA to 11.95, 11.2, 10.77, and 10.95%, respectively, compared to the GP-ORCSA mix (13.4%)
at 7 days. A continuous decline is noted with the curing time at 28 days with a porosity of 10.37, 10.1, 9.3, and 9.5% for GP-
10RCSA, GP-20RCSA, GP-30RCSA, and GP-40RCSA, respectively, as can be seen in Figure 13.

The observed decrease in porosity can be attributed to several mechanisms. Primarily, the absorption of free lime by the
low-calcium geopolymer paste plays a key role. As the free lime is absorbed, it diffuses away from the interfacial transition zone,
promoting the formation of C-S-H gels. These gels effectively fill the voids, bonding the adjacent solid phases together and
resulting in the formation of a more continuous and dense interfacial transition zone [38]. Additionally, the calcium ions present
in the RCSA may interact with the geopolymer matrix, entering the N-A-S-H gel structure and partially replacing sodium ions
without disrupting the gel’s chain structure. This replacement further enhances the formation of a robust and dense structure,
which is likely to contribute to the improved porosity characteristics of the GPC.
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Figure 13: Porosity % of GP-RCSA mixes at 7 and 28 days

Supporting this, a study conducted by Sun et al. [78] demonstrated that an increased Ca/Si ratio, particularly in the interfacial
transition zone, suggests the diffusion of calcium ions toward the geopolymer paste. The presence of these calcium ions within
the ITZ may help to accumulate around the interface, improving the overall density and integrity of the matrix, and contributing
to the reduction in porosity.

3.8 Water absorption

To evaluate the durability and performance of GPC under harsh conditions, water absorption testing was employed as a
reliable and effective evaluation method [79]. Water absorption is defined by several factors, such as the interfacial transition
zone, pore structure, and paste pores [80].

The results, as shown in Figure 14, suggest a slight decrease in the water absorption of the GP-RCSA mixes, even though
RCSA exhibits significantly higher water absorption compared to NCA due to its highly porous surface structure. This
phenomenon can be attributed to the geopolymer paste effectively encapsulating the pores within the RCSA, thereby forming a
denser interfacial transition zone that substantially improves the resistance of GPC to water ingress, thus improving the ability
of the geopolymer paste to encapsulate the pores in RCSA, thus enhancing the interfacial transition zone and improving its
resistance to water ingress [81]. Quantitatively, the GP-10RCSA, GP-20RCSA, GP-30RCSA, and GP-40RCSA mixes
demonstrate reductions in water absorption of 5.52, 5.22, 5.10, and 5.28%, respectively, compared to the GP-ORCSA mix at 7
days. These reductions become even more pronounced at 28 days, with corresponding decreases of 4.57, 4.48, 4.3 and 4.50%,
compared to the GP-ORCSA mix (4.74%). These findings underscore the enhanced impermeability of GPC incorporating
recycled steel slag coarse aggregates, highlighting its potential for improved durability in demanding service conditions.
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Figure 14: Water absorption of GP-RCSA mixes at 7 and 28 days

4. Conclusion

This study successfully demonstrates that RCSA can be effectively utilized as a sustainable alternative to NCA in
metakaolin-based GPC and significantly improves the mechanical and physical properties of the GPC. The findings highlight
that all GP-RCSA, which contain different percentages of RCSA, have significant mechanical properties as compared with the
control sample (without RCSA addition), with an optimal RCSA incorporation (30% replacement), achieving 29.56% higher
compressive strength (95.1 MPa), 25.31% (6.2 MPa) greater tensile strength, and 41.4% (11.13 MPa) enhanced flexural strength
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compared to the reference material. These gains are attributed to RCSA’s high calcium content, which promotes the formation
of a denser interfacial transition zone (ITZ) through C-A-S-H/N-A-S-H gel coexistence. Additionally, RCSA incorporation
reduced the Volume of Permeable Voids by 26.32% and water absorption by 9.18%, enhancing durability. The higher bulk
density (2371.96 kg/m?®) further underscores RCSA’s role in improving concrete performance. Microstructural analyses
confirmed the formation of a robust amorphous geopolymer network. Environmentally, this approach mitigates steel slag waste,
reduces reliance on natural aggregates, and lowers CO- emissions, aligning with sustainable construction goals. Future research
should explore long-term durability under real-world conditions to facilitate broader industrial adoption of RCSA-based GPC.
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